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Implicit solventAntimicrobial peptides (AMPs) are small, usually cationic peptides, which permeabilize bacterial
membranes. Understanding their mechanism of action might help design better antibiotics. Using an
implicit membrane model, modiﬁed to include pores of different shapes, we show that four AMPs
(alamethicin, melittin, a magainin analogue, MG-H2, and piscidin 1) bind more strongly to membrane pores,
consistent with the idea that they stabilize them. The effective energy of alamethicin in cylindrical pores is
similar to that in toroidal pores, whereas the effective energy of the other three peptides is lower in toroidal
pores. Only alamethicin intercalates into the membrane core; MG-H2, melittin and piscidin are located
exclusively at the hydrophobic/hydrophilic interface. In toroidal pores, the latter three peptides often bind at
the edge of the pore, and are in an oblique orientation. The calculated binding energies of the peptides are
correlated with their hemolytic activities. We hypothesize that one distinguishing feature of AMPs may be
the fact that they are imperfectly amphipathic which allows them to bind more strongly to toroidal pores. An
initial test on a melittin-based mutant seems to support this hypothesis.+1 212 650 6107.
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Antimicrobial peptides (AMPs) are found throughout the animal and
plant kingdoms as components of the innate immune system [1–3].
They are usually small, cationic peptides that exhibit a broad spectrum
of antimicrobial activity, acting against bacteria, fungi, HIV, and even
cancer cells [1,2,4–8]. To take advantage of their promising therapeutic
potential [9], it is crucial to understand the origin of their cell selectivity
and theirmechanismof action. In theprevailing view, the cell selectivity
of AMPs is related to differences between prokaryotic and eukaryotic
membranes; anionic membranes of bacteria are usually targeted by
cationic peptides although other factors can also contribute to the
selectivity [6,10,11].
AMPs are believed to bind to a membrane surface below a
threshold peptide-to-lipid ratio; at higher ratios, they form pores,
resulting in membrane depolarization and leakage of cell components
and eventually cell death [12,13], or induce membrane disintegration
and/or micellization (the carpet mechanism) [14]. Two types of pores
have been proposed: barrel-stave, i.e. cylindrical pores lined by
peptides (as proposed for alamethicin) [15,16], and toroidal pores
lined by a mixture of peptides and lipid headgroups (proposed, for
instance, for magainin 2, piscidin 1 and melittin) [17–21].
Computer simulations promise to be a useful tool in studying
antimicrobial peptides since they can provide detailed informationon the structure and dynamics of systems. Alamethicin, a 20-residue
α-helical peptide characteristic for its high content of non-standard
α-methylalanine (Aib) residues, has been intensively studied by
MD simulations [22–29]. Several atomistic MD studies of melittin, a
26-residue α-helical peptide, have also been reported [30–32]. Of
special interest are recently reported atomistic MD simulations of
pore formation induced by magainin analogue MG-H2 [33] and
melittin [34], as well as combined coarse-grained and atomistic
simulations of pores produced by alamethicin [35]. These studies
suggest that a picture of cylindrical and toroidal pores as highly
ordered structures, which was proposed from experiments [15–17,
19–21,36], might be inaccurate; pores observed in the simulations
are fairly disordered, with peptides in tilted orientations, not
perfectly perpendicular to the membrane surface. In the case of
MG-H2 and melittin, only one or two peptides were found at the
center of the pore and others were parallel to the membrane surface
near the rim of the pore. In our companion atomistic MD study, we
explored preferences of alamethicin and melittin for cylindrical and
toroidal pores and showed that curved pores enhance interactions of
melittin with lipids [37].
Despite the large volume of experimental work and the recent
progress in computational studies, a clear conceptual framework for the
mechanism of action of AMPs is lacking. One key element of most
proposed mechanisms is the pore state, which could be either a stable/
metastable state or a transient structure corresponding to a “transition
state”. We reason that if AMPs stabilize the pore state, then they must
bindmore strongly to it than to the ﬂat bilayer. This can be illustrated by
the thermodynamic cycle of Fig. 1. If AMPs facilitate the formation of
pores (ΔG2bΔG1), then the binding of AMPs to pores must be more
Fig. 1. Thermodynamic cycle for binding of antimicrobial peptides (AMPs) to pores.
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ΔG4−ΔG3, which is equal toΔG2−ΔG1, could be used as awell-deﬁned
measure of the extent to which an AMP stabilizes the pore state. If pore
formation is key to antimicrobial activity, this difference should also be a
measure of activity. The above is merely a thermodynamic analysis and
does not imply a certain kinetic pathway. That is, it does not imply that
the pore must ﬁrst form spontaneously, followed by the binding of the
peptides to it. Actually, this is highly unlikely, as spontaneous formation
of pores should be very rare.
The stronger binding of peptides to pores could be due to packing
reasons: lipid headgroups are less tightly packed in pores and could
accommodate a peptide more easily. Alternatively, the peptide could
be better solvated on a curved membrane surface. In this paper we
test the latter hypothesis, by performing molecular dynamics (MD)
simulations of alamethicin [38], melittin [39,40], magainin analogue
MG-H2 [41] and piscidin 1 [18] in implicit-solvent cylindrical or
toroidal pores and calculating their binding energies on a ﬂat
membrane and in pores. Such investigations are difﬁcult using
atomistic MD simulations, especially when computation of free
energies is required. We, thus, resort here to a modiﬁed version of
the implicit membrane model IMM1 [42,43], which provides rapid
equilibration of systems and a facile calculation of effective energies,
without the large noise coming from water and lipid molecules.
Although some type of aggregation of AMPs seems to be a
requirement for activity, in this work we study single peptides.
Aggregation may be required simply because the amount of
stabilization that one peptide provides is not sufﬁcient. It is worth
noting that recent atomistic MD simulations [33,34] showed that only
one or two peptides are usually inserted in the observed pores.
Alamethicin is known to act via the barrel-stave [15,16,35] whereas
melittin and MG-H2 act via the toroidal pore mechanism
[17,21,33,34,36]. Although magainin 2 has been studied more exten-
sively thanMG-H2 [19,20,44], we have chosen the latter peptide for our
study because of its higher afﬁnity for zwitterionic membranes [41].
Pores produced by piscidin 1, a 22-residue α-helical peptide isolated
frommast cells of ﬁsh [7], have not been characterized yet but, based on
conductanceexperiments, itwasproposed that piscidin 1 forms toroidal
pores [18]. Here we show that the binding energies of the peptides can
be used to discriminate their preferences for different pores. All four
peptides are reported to be hemolytic, alamethicin being the least and
melittin the most hemolytic [7,41,45]. Since the effective binding
energies are calculated on zwitterionic membranes (similar to mem-
branes of erythrocytes [46]), we relate them to the hemolytic activity of
the peptides. Finally, we point out a possible connection between
imperfectly amphipathic structures of AMPs and their mode of action.
2. Methods
2.1. IMM1-torus
The effective energy of peptides on ﬂat membranes is obtained
using the implicit model IMM1 [42]. In IMM1 the effective energy of aprotein in a lipid bilayer (WIMM1) is calculated as the sum of the
intramolecular energy of the solute (E) [47] and the implicit solvation
free energy (ΔGslv) accounting for interactions of each atom with
water and with cyclohexane, which approximates the hydrophobic
core of the membrane:
WIMM1 = E + ΔG
slv ð1Þ












where ΔGislv is the solvation free energy of atom i, rij is the distance
betweenatoms i and j, gi is the solvation free energydensity of i,modeled
as a Gaussian function of rij, Vj is the volume of atom j. The solvation
energy of an isolated atom, ΔGiref, is obtained as a linear combination of
values for water (ΔGiref,wat) and for cyclohexane (ΔGiref,chex):
ΔGrefi z′ð Þ = f z′ð ÞΔGref ;wati + 1−f z′ð Þð ÞΔGref ;chexi ð3Þ
where z′ = jzj= T = 2ð Þ, T is the thicknessof themembranecore, and f(z′)
is the function that describes the transition from one phase to the other:




The steepness of the transition is determined by the exponent n.
To account for the strengthening of electrostatic interactions in the
membrane, a distance dependent dielectric constant, ε, has been
modiﬁed in IMM1 by introducing the function that depends on the
position of the interacting atoms with respect to the membrane, fij:
ε = rfij ð5Þ
and
fij = a + 1−að Þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
f zið Þf zj
 r
ð6Þ
where a is an adjustable parameter.
IMM1 has been extended to model membrane proteins with
embedded cylindrical aqueous channels (IMM1-pore [43]). In this
model, the function f(z′) has been replaced by the function F(z′,r′) that
depends both on the position of atoms relative to the center of the
membrane (z′) and relative to the center of the pore (r′):
F z′; r′ð Þ = f z′ð Þ + h r′ð Þ−f z′ð Þh r′ð Þ ð7Þ
with
h r′ð Þ = 1− r
′n
1 + r′n




where the radius of the pore, R, is constant. Thus, the solvation free
energy of an isolated atom is now:
ΔGrefi z′; r′ð Þ = F z′; r′ð ÞΔGref ;wati + 1−F z′; r′ð Þð ÞΔGref ;chexi : ð9Þ
In this paper, we have made IMM1-pore applicable to different
shapes of pores by allowing the radius of the pore to depend on the
distance from the center of the membrane, along the membrane
normal. We refer to this model as IMM1-torus. Although a circular
1496 M. Mihajlovic, T. Lazaridis / Biochimica et Biophysica Acta 1798 (2010) 1494–1502pore would be the natural choice for a torus, a parabolic pore has a
computationally cheaper mathematical form and allows greater
ﬂexibility in determining pore shape:
R = R0 + kz′
2 ð10Þ
where Ro is the radius of the pore at the center of the membrane and k
deﬁnes the curvature (i.e., the shape) of the pore (see Fig. 2). For
example, Ro=15 Å and k=0 deﬁnes a cylindrical pore of radius
R=15 Å whereas Ro=15 Å and k=20 deﬁnes a toroidal pore with
the radius in the center of the pore of 15 Å and the radius at the ends
of the pore of 35 Å (which would correspond to the geometry of pores
produced by magainin [19,48]). Clearly, very large values of k are
unphysical.
IMM1-torus is applicable to zwitterionic membranes. Thus, there
are no peptide–membrane electrostatic interactions, only intra-
peptide ones.
2.2. Initial structures
The coordinates for alamethicin, melittin and piscidin 1 were
obtained from the Protein Data Bank, entries 1AMT [38], 2MLT [39,40],
and 2JOS [18], respectively; an analogue of magainin 2, MG-H2
[41] was built as an ideal α-helix. The sequence of alamethicin is:
Ace-Aib-Pro-Aib-Ala-Aib-Ala-Gln-Aib-Val-Aib-Gly-Leu-Aib-Pro-Val-
Aib-Aib-Glu-Gln-Phl, where Ace is acetylated N-terminus, Aib is
α-methylalanine and Phl is phenylalaninol; the sequence of melittin
is: Gly-Ile-Gly-Ala-Val-Leu-Lys-Val-Leu-Thr-Thr-Gly-Leu-Pro-Ala-Leu-
Ile-Ser-Trp-Ile-Lys-Arg-Lys-Arg-Gln-Gln; the sequence of MG-H2 is:
Ile-Ile-Lys-Lys-Phe-Leu-His-Ser-Ile-Trp-Lys-Phe-Gly-Lys-Ala-Phe-Val-
Gly-Glu-Ile-Met-Asn-Ile; the sequence of piscidin is: Phe-Phe-His-
His-Ile-Phe-Arg-Gly-Ile-Val-His-Val-Gly-Lys-Thr-Ile-His-Arg-Leu-Val-
Thr-Gly. All charged residues were in the standard ionization state
corresponding to pH ∼7.
2.3. Simulation setup
Themembrane is taken to be parallel to the xy-plane, with its center
located at z=0 Å and the hydrocarbon core 26 Åwide. The peptide was
ﬁrst aligned with the x-axis. Four simulations were run starting from
four arbitrary orientations, obtained by rotating the peptide 90° around
the x-axis. The peptide, in each of the four orientations, was then either
placed on the membrane surface (its center of mass at z=13 Å) or was
rotated 90° to assume the transmembrane orientation andplaced on the
pore surface (its center of mass at x=Ro Å, corresponding to the radius
in the center of the pore). The energy of the peptide was minimized
using the adopted basis Newton–Raphson algorithm for 300 steps. For
simulations in pores, the miscellaneous mean ﬁeld potential (MMFP)
was used to constrain the center of mass of the peptide in the pore
region (that is, to a cylinder of 10 Å radius, with the axis of the cylinder
along the x-axis), which allowed us to calculate binding energies in the
pores.MD simulationswere run for 1-nsusing theVerlet integratorwith
a time step of 2 fs, at room temperature, with all bonds involving
hydrogen atoms ﬁxed using SHAKE constraints. The energy was
averaged over the last 500 ps of four trajectories, generated using four
different seeds to initialize velocities, with the MMFP constraint energyFig. 2. Geometry of a cylindrical (A) and a parabolic (B) pore. The solid lines represent
the hydrophobic/hydrophilic interface.removed. The average energy was compared with the energies of the
structures obtained from the other three simulations; the optimal
orientation relative to the membrane corresponded to that which
yielded the lowest average energy. The binding energy, ΔΔW, is
calculated as the difference between the effective energy of transfer of
the peptide from solution to the pore (ΔWpore) and that from solution to
the ﬂat membrane (ΔWintf), where ΔW is the difference between the
average effective energy of the peptide in the pore or on the membrane
and the energy of the same conformation of the peptide transferred,
along the z-axis, from the membrane to solvent. Although the peptides
are unstructured in solvent, to minimize statistical error in the
calculation of ΔΔWwe assume that they are in the same conformation
and thus consider the transition from “helix in water” to “helix on
themembrane/in the pore”. Given that the calculated helical content of
a monomer on the membrane and in the pore is similar (alamethicin:
73–75%, MG-H2: 76–79%, melittin: 73–79%, piscidin: 78–82%), the free
energy of helix formation in solution cancels out in the calculated
ΔΔW. Thus, ΔΔW is an estimate for the quantity ΔG4−ΔG3 in the
thermodynamic cycle in Fig. 1.
3. Results
The interface in Fig. 2 corresponds to the hydrophobic/hydrophilic
interface. In the case of a cylindrical pore, this is a hydrocarbon/water
interface and in the case of a toroidal pore a hydrocarbon/lipid
headgroup interface. To choose appropriate values for the Ro and k
parameters, we surveyed the available experimental structural data
for peptide-induced membrane pores.
Using neutron scattering, Huang et al. determined the effective
inner (Rw) and outer (Rp) radii of pores produced by several AMPs. Rw
is the radius of the water pore in the center of the membrane and is
calculated from the contrast form factor Fϕ(qz=0, qr). Rp is the outside
radius of the pore and is calculated from the contact distance between
two pores. They obtained the values of Rw∼9 Å and Rp∼20 Å for
alamethicin [16], Rw∼15–25 Å and Rp∼35–42 Å for magainin [19,48],
and Rw∼22 Å and Rp∼38 Å for melittin [21]. However, the inner
radius of pores determined in leakage measurements was signiﬁ-
cantly smaller: ∼10–15 Å for magainin and MG-H2 pores [20,41], and
6.5–12 Å [36] or 12.5–15 Å [49] for melittin pores. Given the above
experimental data, we chose the values of the radius at the center of a
pore (Ro) of 15, 20 or 25 Å, and the values of the variable k in Eq. (10)
of 0 (corresponding to a cylindrical pore), 10, 15 or 20. Thus, the inner
radius of a “barrel stave” pore with the helices lining the inside of the
pore is Rw=Ro−11 Å (assuming that the diameter of a helix is 11 Å)
and its outer radius is Rp=Ro; the inner radius of a toroidal pore lined
with headgroups is Rw=Ro−9 Å (assuming the thickness of the
headgroup region is 9 Å) and the outer radius is Rp=Ro+k (at the
membrane surface, z′=1).
Fig. 3 shows the binding energy of alamethicin, melittin, MG-H2,
and piscidin 1 in pores, ΔWpore, relative to that on the ﬂat membrane
(ΔWintf), ΔΔW. For each peptide, there are three sets of ΔΔW
calculated in pores of different radii (Ro is given on the x-axis) and
shapes (the ﬁrst bar in a set corresponds to a cylindrical pore; the
other three bars correspond to toroidal pores of different curvature, as
indicated in the legend). We used a two-tailed Student's t-test to
determine signiﬁcant differences between ΔΔW in each toroidal pore
and ΔΔW in the cylindrical pore of the same Ro; p valueb0.05 is
indicated by asterisk in Fig. 3.
In general, the peptides bind more strongly to pores of Ro=15 Å
than to the larger pores. However, the afﬁnity of the peptides for ﬂat
versus curved pores differs. Alamethicin seems to bind a bit stronger
to toroidal pores of Ro=15, k=15 and of Ro=20, k=20 than to the
cylindrical pore of the same radius, but the difference inΔΔW is rather
small. Hence, these data suggest that alamethicin does not show a
clear preference for cylindrical versus toroidal pores. The relative
binding energies of melittin, MG-H2 and piscidin are, however, more
Fig. 3. The relative binding energies of the peptides in the pores of radius Ro (Å) and the
curvature determined by k (k=0 corresponds to a cylindrical pore). Error bars are the
standard deviation. A two-tailed Student's t-test was used to determine signiﬁcant
differences between ΔΔW in each toroidal pore and ΔΔW in the cylindrical pore of the
same Ro; p valueb0.05 is denoted by asterisk.
1497M. Mihajlovic, T. Lazaridis / Biochimica et Biophysica Acta 1798 (2010) 1494–1502conclusive. As Fig. 3 testiﬁes, these peptides always bind more
strongly to curved pores than to ﬂat pores. This trend in binding
afﬁnities coincides with the prevailing view that alamethicin forms
cylindrical pores [15,16,35] whereas melittin and MG-H2 (and
magainin 2 as well) form toroidal forms [17,19–21,33,36,41]; based
on conductance experiments, it was proposed that piscidin 1 also
forms toroidal pores [18].
To gain more insight into why the binding afﬁnities of the peptides
dependon the pore shape,wedecomposedΔΔW into (intramolecular)
electrostatic energy (ΔΔWelec) and solvation energy (ΔΔWsolv)
contributions. In Fig. 4, the two plots in the ﬁrst row display
contributions from the electrostatic energy to the relative binding
energy of the peptides in different pores. With a few exceptions, the
electrostatic energy of the peptides is comparable to ormore favorable
in pores than that on the ﬂat membrane (without a pore). As can be
seen in Fig. 5, which shows the energy-minimized average structure of
the peptides on the ﬂat membrane and in the pores, helices are more
inserted in the hydrocarbon core of pores than when adsorbed on the
membrane, which gives rise to the strengthening of electrostatic
interactions. Theplots in the second row in Fig. 4 showcontributions to
ΔΔW from the solvation energy. Alamethicin is better solvated in
cylindrical than in curved pores (or on the ﬂat membrane) but its
electrostatic energy is more favorable in curved pores. On the otherhand, melittin, MG-H2 and piscidin are better solvated in toroidal
pores; the trend in electrostatic energy of MG-H2 and piscidin is
similar, but it is not obvious in the case of melittin.
We further decomposed ΔΔWsolv into contributions from polar
(ΔΔWpolar) and aliphatic and aromatic (ΔΔWhfob) groups, shown in
the third and fourth row in Fig. 4, respectively. For alamethicin, when
compared to the ﬂat membrane, the presence of pores does not
improve solvation of hydrophobic residues but improves solvation of
polar residues. In pores, the trend in the solvation energy of polar
residues depends on the pore shape and size; it is signiﬁcantly more
favorable in the cylindrical pore of Ro=15 Å than in the toroidal pores
of the same radius at the center of the pore, but it is erratic in larger
pores. Hydrophobic residues of melittin are better solvated in pores
than on the ﬂat membrane, especially in toroidal pores of Ro=15 Å;
the solvation energy of polar residues, however, has the opposite
trend. In the case of MG-H2, toroidal pores enhance solvation of
hydrophobic groups; polar groups are better solvated in all pores, but
there is a decreasing trend in curved pores. For piscidin 1, which has a
large portion of aromatic residues (Phe and His), toroidal pores
improve solvation of hydrophobic residues whereas the solvation of
polar groups is somewhat better in cylindrical pores. Therefore, these
data suggest that cylindrical pores enhance solvation of polar residues
of alamethicin whereas toroidal pores improve solvation of hydro-
phobic groups of melittin, MG-H2 and piscidin.
3.1. Hemolytic activity
It is usually thought that selectivity of AMPs for prokaryotic over
eukaryotic cells is due to electrostatic interactions between cationic
peptides and anionic lipid headgroups and that their hemolytic
activity is due to hydrophobic effects. For instance, in a study by
Dathe et al. on cationic model peptides, enhanced peptide–lipid
electrostatic interactions increased antibacterial activity of the pep-
tides whereas reduced electrostatic interactions and enhanced
hydrophobic peptide–membrane interactions increased hemolytic
activity [50]. Since the outer leaﬂet of the human erythrocyte
membrane consists of neutral lipids [46], we now attempt to correlate
the effective binding energies of the peptides to neutral membranes to
their hemolytic activity.
The calculated average binding energies of the peptides bound to
the ﬂat membrane in the interfacial orientation (ΔWintf), in the
cylindrical pore of Ro=15 Å (ΔWcyl) and in the toroidal pore of
Ro=15 Å and k=20 (ΔWtorus) are given in Table 1. Here we show
ΔW's for the pore of Ro=15 Å and k=20 only because the peptides
bind more strongly to this pore (see Fig. 3); the same trends are,
however, observed in the other pores (data not shown).
In all three cases, alamethicin has the highest binding energy
whereas the binding energy of melittin is the lowest; the binding
energies of MG-H2 and piscidin 1 are in between. The same trend has
been reported for their hemolytic activities, with alamethicin being
the least hemolytic and melittin the most [7,41,45]. In Table 1, we
have also included the contribution of solvation energy of aliphatic
and aromatic groups to the total binding energy, and the sum of
contributions from the electrostatic energy and solvation energy of
polar groups. Obviously, the largest contribution to the total ΔW
comes from the solvation of hydrophobic residues, which suggest that
hemolytic activity is likely determined by hydrophobic interactions as
well.
3.2. Structure and orientation of peptides in pores
The energy-minimized average structure of the peptides on the
ﬂat membrane and in the pores, calculated from MD trajectories, is
shown in Fig. 5. During the MD simulations, the peptides retain their
helical structure but change orientation with respect to the mem-
brane from an initial perpendicular orientation to a tilted orientation.
Fig. 4. Contributions from the electrostatic (ΔΔWelec) and solvation energy (ΔΔWsolv) to the relative binding energy of peptides in different pores, as well as contributions from polar
(ΔΔWpolar) and aliphatic and aromatic groups (ΔΔWhfob) to ΔΔWsolv. Error bars are the standard deviation. The radius of the pores, Ro, is in Å. The curvature of the pores is
determined by k; the smaller the k, the smaller the curvature; k=0 corresponds to a cylindrical pore.
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Fig. 5. The optimal orientation of alamethicin, melittin, MG-H2 and piscidin on the ﬂat
membrane (intf) and in the pores of Ro=15 Å. The energy-minimized average
structure is calculated from a MD simulation between 0.5 and 1 ns. The hydrophilic/
hydrophobic interface is denoted by lines; only one side of the pore is shown.
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Ro=15 Å versus time is shown in Fig. 6 (the tilt angle is calculated as
the angle between the helix axis and the membrane surface). In
cylindrical pores, the average tilt angle of alamethicin is ∼75°; the
other three peptides are almost perpendicular. In toroidal pores, the
peptides are occasionally almost perpendicular to the membrane
surface but tilted orientations are far more common.
To understand better why the peptides tend to be oriented
obliquely to the membrane surface, we performed MD simulations of
melittin in cylindrical and toroidal pores in which we used MMFP to
constrain the peptide to a transmembrane orientation (that is, we
constrained theCα atoms to a cylinder of 7 Å radius centered at (Ro, 0, 0),
with the axis of the cylinder along the z-axis). The binding energy of the
protein (ΔΔW) and its components (ΔΔWelec, ΔΔWpolar and ΔΔWhfob)
are shown in Fig. 7;ΔΔWsolv can be obtained as the sumofΔΔWpolar and
ΔΔWhfob. It seems that hydrophobic residues are better solvated in a
tilted than in the perpendicular orientation (i.e., for melittin in the
transmembrane orientation, ΔΔW is unfavorable, mostly because of
the unfavorable solvation energy).
In our simulations only alamethicin is observed to insert deeper in
the membrane core. The other three peptides are located at the pore–
water interface. This difference in location is probably related to
differences in apolar faces of the helices (alamethicin has a broader
apolar face than other three peptides) [41,51,52].Table 1
The average effective binding energies of the peptides in the interfacial orientation on the ﬂat
of Ro=15 Å and k=20 (ΔWtorus). All energies are in kcal/mol. Error bars are the standard
Peptide ΔWintf ΔWcyl
Alamethicin −9.38±0.30 (−27.48±0.48, 18.10±0.19)a −10.52±0.14 (−23.68
MG-H2 −9.52±0.15 (−20.44±0.30, 10.93±0.17) −10.96±0.19 (−17.91
Piscidin 1 −10.39±0.11 (−19.55±0.18, 9.15±0.08) −10.65±0.32 (−17.62
Melittin −12.90±0.53 (−23.33±0.71, 10.43±0.22) −14.66±0.24 (−23.48
a The ﬁrst number in parentheses is the contribution of solvation energy of aliphatic and
energy and solvation energy of polar groups.
b From Ref. [45].
c From Ref. [41].
d From Ref. [52].
e From Ref. [58].4. Discussion
In this work we used molecular dynamics simulations with
implicit membrane to investigate binding preferences of antimicro-
bial peptides. A previously developed and tested implicit membrane
model with a cylindrical pore (IMM1-pore [43]) has been modiﬁed to
include implicit toroidal pores. From MD trajectories, we calculated
the effective binding energies of alamethicin, melittin, MG-H2 and
piscidin 1 when adsorbed on a ﬂat membrane and when inserted in
cylindrical and toroidal pores of different size and curvature. The key
ﬁndings of the study are: (1) the binding energy of the peptides in pores
ismore favorable than that on the ﬂatmembrane, (2) alamethicin binds
similarly to cylindrical and toroidal pores, (3) melittin, MG-H2 and
piscidin 1 bind strongly to toroidal pores, and (4) the effective binding
energies of the four peptides correlate with their hemolytic activity.
The calculated binding energies appear to correctly predict
preferences of alamethicin for cylindrical pores [15,16,35] and of
melittin, MG-H2 and piscidin 1 for toroidal pores [17,18,21,33,36,41].
The results presented here also agree well with our recent atomistic
MD simulations of alamethicin and melittin in cylindrical and toroidal
pores [37]. In that study, we observed that, when inserted in a pre-
formed toroidal pore, alamethicin tetramer remodeled the pore to a
cylindrical one whereas melittin tetramer preserved the toroidal pore
shape. We used the calculated interaction energy between the
peptides and lipids to argue that, for melittin, they are stronger in
toroidal than in cylindrical pores. Here, we show that melittin
monomer is also better solvated in curved pores.
4.1. Orientation of peptides in pores
During theMD simulations, we observed that initial transmembrane
orientation of the peptides changes to a variety of tilted orientations (as
shown in Figs. 5 and6). This observation contrasts sharplywith apicture
of antimicrobial pores derived from oriented circular dichroism (OCD),
in which peptides are oriented perpendicular to the membrane surface
[19–21]. However, tilted orientations of peptides in pores have been
reported by other computational studies as well as some experimental
ones. A MD simulation of a melittin pore reported a tilt angle of ∼30°,
with respect to themembranenormal [32].More recentMDsimulations
of MG-H2 showed the formation of irregular toroidal pores with only
one monomer located in the center of the membrane, with the average
tilt angle of the peptides of 25°±20°, with respect to the membrane
surface [33]. A similar pore has been produced by melittin in MD
simulations, with the inserted peptides tilted 45° to 90° with respect to
the membrane surface [34]. In coarse-grained MD simulations of
alamethicin, a broad spectrum of orientations has been reported,
ranging from ∼20° to ∼90° [35]. In our atomistic MD simulations of
alamethicin and melittin monomers and oligomers in cylindrical and
toroidal pores, we also observed a variety of tilted orientations [37]. An
experimental study of the kinetics of dye release suggested thatmembrane (ΔWintf), in the cylindrical pore of Ro=15 Å (ΔWcyl) and in the toroidal pore
deviation.
ΔWtorus EC50 (μM)
±0.30, 13.16±0.17) −11.40±0.50 (−27.03±1.34, 15.64±0.93) 30b
±0.35, 6.96±0.22) −13.45±0.73 (−21.02±0.40, 7.57±0.34) 16c
±0.28, 6.97±0.49) −13.66±0.35 (−20.81±0.23, 7.15±0.46) ∼12d
±0.45, 8.83±0.27) −18.38±0.57 (−25.20±0.69, 6.82± 0.20) ∼1.7e
aromatic groups to the total ΔW; the second number is the contribution of electrostatic
Fig. 6. Tilt angle of alamethicin, melittin, MG-H2 and piscidin vs. time, in the selected pores. The four lines in the same color represent the tilt angle calculated from four MD
trajectories generated using different seeds.
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may be distributed both in a pore and on a membrane surface [53].
Matsuzaki et al. reported that magainin 2-PGLa heterodimers form
toroidal pores in zwitterionic membranes; using Fourier transform
infrared-polarized attenuated total reﬂection (FTIR-PATR) spectrosco-
py, they determined that the heterodimers are in oblique orientations
relative to themembrane surface [54]. The disagreement between these
studies and the OCD studies might be due to an assumption that only
two orientations of the helix are possible (parallel and perpendicular),
used in analyzing the OCD data.
4.2. Imperfect amphipathicity
What distinguishes AMPs from other cationic peptides that lack
antimicrobial activity is an important, open question. For example,
Sengupta et al. [34] found that KALP peptides, despite their high
charge density, did not make pores in their simulation studies. We
noticed that a common feature of the four peptides studied here is
their imperfectly amphipathic structure. The α-helical wheels reveal
that melittin, MG-H2 and piscidin 1 have a few polar (or even
charged) residues in the nonpolar face and vice versa [41,51,52].
These polar residues may interfere with insertion of hydrophobic
residues into ﬂat membranes, but less so in toroidal pores. As a ﬁrst
test of this hypothesis, we designed a melittin-based perfectly
amphipathic helix (A4S, V8T, G12A, P14Y, A15S, K23A, R24A) and
calculated that its relative binding energies in the pores are
signiﬁcantly reduced compared to ΔΔW of melittin in the same pore(see Fig. 8). These results suggest that imperfect amphipathicity may
play a role in antimicrobial activity and can serve as basis for design of
novel antimicrobial peptides. Clearly, many more tests are needed to
validate this hypothesis, especially in anionic membranes that better
resemble bacterial membranes. We would expect this effect to be
stronger in anionic membranes because, in addition to the solvation
effects, there would be favorable interactions of the cationic residues
on the hydrophobic side of the peptides with the anionic charge of the
membrane.
IMM1-torus is a fast method that can easily provide energetics of
biological systems. However, it cannot capture all details of complex
membrane systems. For instance, IMM1-torus does not account for
membrane deformations and lipid repacking (which, in principle,
might be included using elasticity theory [55,56] or mean ﬁeld theory
[57]) and it does not allow the shape of pore to change. Therefore, it
cannot be used to study events that lead toward pore formation (such
as, membrane thinning, expansion of the lipid headgroups and
bending of the bilayer) or pore formation per se. However, it can
provide information on how well the peptide is solvated on a
membrane or in a static pore. When interpreting the calculated
effective energy, one should keep in mind that it includes the
intramolecular energy of peptides and the solvation free energy only;
it does not include the translational, rotational and conformational
entropies and thus differs from the free energy. The results presented
here need to be conﬁrmed with atomistic MD simulations (some of
which are reported in our companion paper [37] and some are in
progress) and experiment.
Fig. 7. The relative binding energies of melittin conﬁned to the transmembrane
orientation in the pores of radius Ro (Å) and the curvature determined by k (k=0
corresponds to a cylindrical pore). Error bars are the standard deviation.
Fig. 8. The relative binding energy of a perfectly amphipathic melittin-based mutant in
the pores of radius Ro (Å) and the curvature determined by k (k=0 corresponds to a
cylindrical pore). Error bars are the standard deviation.
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